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Abstract Damaged hair cells and neurons in the inner ear generally can not be replaced in mammals. The loss
of these cells causes permanent functional disorders in both the cochlear and vestibular systems. Transplantation of
retinal precursor cells, R28 cells, into inner ear tissue may help replace missing cells. The aim of the current proj-
ect was to induce R28 cell transdifferentiation into cochlear and vestibular cell types under culture conditions. The
first part was related to R28 cell labeling with DiI fluorescence that would help identify and track R28 cells. The
second part involved co-culturing R28 cells in cochlear and vestibular organotropic cultures or isolated spiral gan-
glion neurons. The results suggest that R28 cells have the potential to differentiate into supporting cell types and
spiral ganglion neurons in serum free medium, probably under the influence of diffusible signals from inner ear tis-
sues. This information is useful for future efforts in inducing stem cell differentiation in the inner ear to replace lost
sensory and neural cells.
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Introduction
Permanent cochlear and vestibular damage can be
caused by a number of factors including: ototoxic
drugs, acoustic trauma, genetic disorders, aging,
anoxia, viral infection, bacterial infection and more
(Ding and Salvi, 2005; Ding et al, 1999, Salvi et al,
2001). Damaged hair cells and missing neurons
cannot be replaced spontaneously because mammalian
hair cells and neurons do not have regenerative
capability. For this reason, hearing aids and cochlear
implants are currently the only hope for severely
hearing impaired patients to return to the auditory
world, with multiple limitations. For patients to be able
to use hearing aids, a certain level of residual hearing
is required. In cochlear implant patients,
post-operative training and establishment of effective
signal transmission between the implant and the brain
are necessary.
Stem cells are known for their ability to integrate
into host tissues, and have been successfully used in
several transplant experiments in the brain, spinal cord
and eye to replace damaged neurons and sensory cells.
In the inner ear, stem cell therapy has also been
recently studied in mammals. Preliminary results have
shown that transplanted stem cells are capable of
migrating or grafting into cochlear and vestibular end
organs and into neural ganglions(Hu et al, 2005, Iguchi
et al, 2004; Tamura et al, 2004), indicating their
potential in future treatment for inner ear disorders.
The R28 retinal precursor cell line was developed
by Gail M. Seigel from P6 rat retinas, and immortal-
ized with the 12S E1A gene from adenovirus(Seigel,
1996; Seigel, 1998). It is a stable cell line that has been
used to characterize neuroepithelial and glial cells(Sei-
gel, 1996). R28 cells have the potential behave as un-
committed central nervous system(CNS) progenitor
cells, or neuroepithelial cells, as they bear concurrent
expression of both glial and neuronal markers. Previ-
ous studies indicate that R28 precursor cells are able to
migrate, integrate and differentiate into immunocompe-
tent host tissues without forming tumors, and respond
to cues in the surrounding environment. Importantly,
R28 cells can be used for in vivo studies in non-immu-
nosuppressed animals since the replication-incompe-
tent vector used to immortalize the cells does not lead
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to infectious virus production. R28 cells have been
widely used in research involving ischemia(Xu et al,
1999), autoimmune-mediated toxicity(Adamus et al,
1997, 1998), glaucoma drug testing(Tezel, et al, 1998),
retinal transplantation, and apoptosis (Seigel and Liu,
1997). The ability of R28 progenitor cells to migrate,
integrate and differentiate in the host environment de-
pends on complex interactions between external sig-
nals including growth factors and neurotransmitters, as
well as on receptors present on the host and grafted
cells (Cameron and Mckay, 1998; Cameron et al, 1998;
Sah et al, 1997). Since R28 progenitor cells are capa-
ble of migrating into a variety of tissues, it is reason-
able to expect that they may also be able to migrate in-
to inner ear tissues.
The current study focuses on determining if R28
cells are able to migrate into cochlear or vestibular tis-
sues and to continue to proliferate and transdifferenti-
ate into cell types of the host environment, using
co-culture techniques with or without gentamicin-in-
duced tissue damage.
Materials and methods
R28 retinal precursor cells: The Immortalized
E1A-NR.3 cell line and its subclone R28 were devel-
oped through 12S E1A-induced immortalization of
postnatal day 6 rat retina (Whyte et al, 1998). Immortal-
ized cells were maintained in Dulbecco’s Modified Ea-
gle’s Medium+ (DMEM+) with 10% calf serum, 1X
MEM vitamins (GIBCO), 0.37% sodium bicarbonate,
0.058% L-glutamine, and 100 μg/ml gentamicin.
R28 cell labeling: Stock solution of fluorescent
DiI (1, 1’-dioctadecyl-3, 3, 3’, 3’-tetramethylindocar-
bocyanine perchlorate) (Molecular Probes, Inc., Eu-
gene, OR) was prepared in DMSO at 1-2mg/ml in ad-
vance. Before labeling, DiI stock solution was diluted
directly using DMEM culture medium or serum free
medium to a suitable working concentration at 1-2 μM,
1-2 μg/ml. R28 retinal precursor cells were incubated
in the DiI working solution for 5 minutes at 37℃ , and
then an additional 15 minutes at 4 ℃. Incubation at the
lower temperature allowed the dye to label the plasma
membrane, while slowing down endocytosis, thus re-
ducing dye distribution in cytoplasmic vesicles. After
labeling, R28 cells were rinsed with calcium-magne-
sium-free PBS, and trypsinized with 0.0625% trypsin
for 5 minutes until cells were isolated from the dish
wall. Trypsinization was terminated by adding 10%
calf serum. Cells were collected and centrifuged at low
speed and suspended at a density of 5,000 cells per μl
in DMEM culture medium or serum free medium. R28
cells were freshly labeled with DiI before transplanta-
tion in co-cultures with inner ear cells.
Spiral ganglion culture system: The head and
neck area of postnatal rats was disinfected with 75%
alcohol. Animals were then decapitated. The spiral
ganglion neurons were harvested from the Rosenthal’s
canal and placed in Hanks’Balanced Salt Solution.
Spiral ganglion tissue was incubated with 0.125%
trypsin and 0.125% collagenase for 20 minutes at 37℃.
Trypsinization was terminated by adding 1ml of a
solution containing 150 μl fetal bovine serum and 850
μl DMEM. Spiral ganglion tissue was triturated by a
fire-polished Pasteur pipette in 0.05% DNAse in Basal
Medium Eagle(BME). The remaining undissociated
tissue was separated by filtering with a nylon
meshwork(33 μm pore size). Spiral ganglion
suspension was seeded in individual culture dishes at a
200 cells/mm2 concentration on polylysine(500μg/ml)
/ laminin(20 μg/ml) coated plates. The culture medium
was replaced every other day.
Cochlear and vestibular organotropic culture
system: The organ culture procedures are similar to
those described previously (Zheng and Gao, 1996;
Ding et al, 2002). Two-day-old(P2) F344 rats were
used in this study. Pregnant rats were obtained from the
Charles River Laboratories. At P2, the postnatal rats
were decapitated. The cochlear basilar membrane and
macula of the utricle were carefully dissected. A 15μl
drop of rat tail collagen was placed on a 35 mm culture
dish(Falcon 1008, Becton Dickinson) and allowed to
gel for approximately 15 minutes. Type I rat tail colla-
gen (Collaborative Research, 3.76 mg/ml in 0.02 N ace-
tic acid) was mixed with 10X BME and 2% sodium
carbonate with a 9:1:1 ratio prior to use. Then 1 ml of
serum free medium with BME plus serum free supple-
ment (Sigma I1884, 1%), 1% bovine serum albumin, 2
mM glutamine, 5 mg/ml glucose and 10 U/ml penicil-
lin were added to the culture dish. The cochlear basilar
membrane and macula of the utricle were positioned
on the collagen as a flat surface preparation by gently
pressing on the tissue with forceps. Surface tension
from the thin layer of culture medium helped to hold
the tissue against the underlying collagen. The cochle-
ar and vestibular explants were placed in an incuba-
tor(Forma Scientific 3029, 37°, 5% CO2) overnight. On
the second day, cultured tissues were divided into two
groups. One group was cultured in a medium contain-
ing 3 mM gentamicin for 24 hours and then in a serum
free medium for up to 12 days. The other group was
cultured in the serum free medium throughout the en-
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tire culturing period.
Co-culture with cochlear/vestibular tissues and
spiral ganglion neurons: To co-culture with cochlear
or vestibular tissues, 20 μl of R28 cell solution was
placed on top of cultured cochlear and vestibular or-
gans in serum free medium. After 1, 3, 5, 7, and 12
days, cultured tissues were fixed with 4% paraformaldehyde
in PBS solution. Before co-culturing with R28 cells,
spiral ganglion neurons were isolated and plated in the
culture dish overnight. Pre-culturing was conducted in
DMEM with or without 10% calf serum. A 20 μl solu-
tion of DiI labeled R28 cells at a concentration of 5000
cells per μl in DMEM culture medium or serum free
medium was added into the ganglion neuron cultures
on the second day. Co-culturing was terminated with
4% paraformaldehyde in PBS at day 1, day 3, day 5,
and day 7 respectively. Seven days after co-culturing,
the cells were stained with a monoclonal antibody
against neurofilament 200.
Histochemical observations: Co-cultured cells
were fixed in 4% paraformaldehyde in 0.1 M phos-
phate buffer(pH 7.4) for 4 hours, washed three times in
0.1 M PBS and then immersed for 2 hours in a block-
ing solution consisting of 1 ml normal goat serum, 1
ml 10% Triton X-100 and 8 ml 0.1 M PBS. This was
followed by overnight immersion(4℃ ) in a solution
containing 20 μl mouse anti-neurofilament 200 anti-
body, 20 μl Triton X-100(10% ), 6 μl normal goat se-
rum, and 154 μl 0.1 M PBS. Samples were then rinsed
three times in 0.1 M PBS and immersed in a solution
containing 2 μl secondary anti-mouse IgG FITC, 12 μl
normal goat serum, 40 μl Triton X-100(10%) and 345
μl 0.1 M PBS. After rinsing with 0.1 M PBS three
times, the specimens were mounted with a cover slide
in glycerin.
Cochlear and vestibular organs were stained with
FITC labeled phalloidin for 20 minutes. Phalloidin
stains the filamentous actin, a structural protein abun-
dant in stereocilia bundles in hair cells. Cochlear and
vestibular tissues were mounted in glycerin as flat sur-
face preparations on slides. The specimens were exam-
ined under a fluorescent microscope using appropriate
filters for detecting DiI-labeled R28 cells and FITC-la-
beled hair cells. Afterwards, the surface preparations
were removed from the slides, dehydrated through an
alcohol gradient, and embedded in Epon-812. Speci-
mens were cut at a thickness of 1.5 μm and collected
on glass slides. Cross sections of the cochlear and ves-
tibular organs were examined under a fluorescent mi-
croscope again.
Results
The R28 cells: R28 cells were identified in co-cul-
tures by their red-fluorescent DiI lipophilic labeling.
Figure 1B shows DiI labeled R28 cells before isolation
with trypsinization. R28 precursor cells showed a flat
and irregular shape in DMEM culture medium (Figure
1A). R28 cells continued to proliferate in culture medi-
um containing 10% calf serum. In contrast, little prolif-
eration was observed when cells were maintained in se-
rum free medium.
R28 cells co-cultured with spiral ganglion neu-
rons: Spiral ganglion neurons and nerve fibers showed
bright green FITC fluorescence labeling by the neuro-
filament antibody whereas neurofilament immunolabel-
ing was relatively weak in R28 cells (Figure 1C). In
the medium containing calf serum, R28 cells appeared
to continue to proliferate and cling to the bottom of the
culture dish where they spread out beneath the spiral
ganglion cell layer. R28 cells showed no signs of dif-
ferentiation under these conditions. R28 cells failed to
proliferate in the serum free medium, but started to
show a round shape on day 1, day 3, and day 5 (Figure
2A, B, C). On day 7, some R28 cells demonstrated
neuron-like features with a round cell body and projec-
tions extending in opposite directions (Figure 2D).
R28 cells co-cultured with cochlear and vestibular
tissues: In untreated cochlear organotropic cultures,
few R28 cells migrated into the cochlear basilar mem-
brane region following transplantation (Figure 3A, B,
C, and D). However, a significant number of DiI la-
beled R28 cells were found in cochlear tissues treated
with gentamicin (Figure 3E, F, G, and H, respectively).
Similar results were in R28 cells co-cultured with
vestibular tissues. In untreated cultures, DiI-labeled
R28 cells were present among hair cells on day 1, but
Figure 1. (A) R28 retinal precursor cells in culture medium
containing calf serum. The cells are attached to the bottom of
the culture dish and have a flat and irregular shape. (B) R28
cell showing red DiI fluorescence.(C) Co-culture of R28 cells
with isolated spiral ganglion neurons immunolabeled with pri-
mary neurofilament antibody and FITC-conjugated secondary
antibody. Culture medium contains DMEM and calf serum.
R28 cells show their original morphology.
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Figure 2. DiI labeled R28 cells co-cultured with isolated
spiral ganglion neurons in serum free medium. R28 cells
show a round soma on day 1(A), day 3(B) and day 5 (C).
Cells in B and C are stained with an antibody against neuro-
filament. ADiI labeled R28 cell demonstrates a bipolar soma
and neurites extending in opposite directions.on day 7 (D)
Figure 3. Co-culture of R28 cells with inner ear tissues on
day 1 (A, E), day 3 (B, F), day 7 (C, G), and day 12 (D, H).
Top row shows results from cultures not exposed to gentami-
cin, while bottom row shows the results from those treated
with gentamicin. Few R28 cells have migrated into the hair
cell and supporting cell regions in untreated cultures (A-D).
Numerous DiI labeled R28 cells are seen in the supporting
cell regions and regions in the organ of Corti formerly occu-
pied by hair cells in gentamicin treated cultures (E-H).
Figure 4. Transplantation of DiI labeled R28 cells onto the
utricular macula on day 1 (A, E), day 3 (B, F), day 7 (C, G),
and day 12 (D, H). Top row shows the results from untreat-
ed utricular cultures and bottom row shows the results from
gentamicin-treated cultures. Few R28 cells are visible in un-
treated cultures except for day 1 after transplantation(A-D).
Increased number of R28 cells are visible in gentami-
cin-treated cultures from day 1 through 12 (E through H).
Figure 5. In cultures not exposed to gentamicin, R28 cells
are not visible in the organ of Corti, although a few are pres-
ent in the limbus region(B, C). In gentamicin-treated cochle-
ar cultures, R28 cells are seen in regions surrounding the or-
gan of Corti (D).
largely absent from hair cell regions on days 3, 7 and
12. In contrast, DiI-labeled R28 cells were visible
among hair cells in gentamicin-treated cultures on days
1 through 12 (Figure 4A through H).
On radial sections of the organ of Corti, a small
number of DiI-labeled R28 cells were seen on top of
the organ of Corti(Figure 5A) and a few in the limbus
region(Figure 5B-C), but none in the hair cell region.
R28 cells in gentamicin-treated cultures, in contrast,
were seen to have migrated into areas in the organ of
Corti formerly occupied by hair cells (Figure 5D).
R28 cells were not present in the hair cell layer of
the vestibular organs (images not shown).
Discussion
Sensorineural inner ear disorders have a profound
effect on human health. Since sensory cells and gangli-
on neurons do not normally regenerate in mammals, it
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is currently impossible to regain inner ear function af-
ter the hair cells and/or ganglion cells have been de-
stroyed. Recent advances in stem cell biology and tis-
sue engineering have raised the possibility that stem
cells could be used for regenerative transplantation into
the inner ear. Stem cells have been used to replace dam-
aged pyramidal neurons(Snyder et al, 1997). Neuronal
stem cells have also been transplanted into the cochlea
through the round window and found to integrate into
the organ of Corti, although the stem cells differentiate
to new hair cell-like cells at a very low rate (Ito et al,
2002). Implantation of dorsal root ganglion and stem
cells into the cochlea to restore hearing has been report-
ed (Olivius et al, 2003). In vivo studies have shown in-
tegration of embryonic stem cells into the sites of in-
jured cochlear and vestibular epithelia, with progeni-
tors expressing hair cell markers and displaying hair
bundles (Li et al, 2003 2003, 2004). These reports indi-
cate that stem cells may be used to replace damaged
cell types that normally do not regenerate in the brain
and inner ear.
The present study demonstrated continued prolif-
eration of R28 retinal precursor cells in medium con-
taining calf serum, which could be terminated by
switching to serum free medium. Following co-cultur-
ing with inner ear tissues in serum free medium, R28
cells were present only at locations near inner ear cells.
These R28 cells also demonstrated a trend to trans-
form toward the morphology of the host cells. It seems
that for R28 cells to survive in the host environment in
the inner ear, they would need to differentiate into in-
ner ear cell types under the influence of signals from
host tissue in serum free medium. When co-cultured
with spiral ganglion neurons, R28 cells demonstrated a
gradual transformation over 7 days from large cells to
cell types similar to bipolar neurons. It is conceivably
that the transformation took place under the influence
of diffusible signals from the spiral ganglion neurons.
Cells near the reticular lamina are normally cou-
pled by tight junctions and form a barrier against for-
eign cell migration. Cellular proliferation and/or differ-
entiation is normally absent in the adult mammalian
ear. Because of the highly organized structure of the in-
ner ear, the local microenvironment is biased against
uncontrolled cell migration and differentiation. Our
study confirms that migration of exogenous stem cells
into host tissues was difficult in the intact inner ear.
However, migration of R28 cells into the inner ear tis-
sue was facilitated by gentamicin treatment. The in-
creased R28 cell migration and integration into inner
ear tissues following gentamicin treatment most likely
is due to disruption in intercellular barriers from hair
cell damage. It is also possible that R28 cells were re-
cruited by chemoattractants released by damaged inner
ear tissues for the purpose of tissue repair.
The study showed some evidence of R28 cell dif-
ferentiation into supporting-like cells on the basilar
membrane(Figure 3F). There was also evidence that
R28 cells could differentiate into neuron-like cells at
the location of spiral ganglion in gentamicin treated in-
ner ear. However, no R28 cells were found with
hair-cell like morphology in this study. This may be
due to a near complete loss of hair cells after gentami-
cin treatment, leaving only surrounding supporting
cells to provide signals for R28 cells. It is also possi-
ble that the R28 cell line lack the capability to differen-
tiate into hair cells.
Summary
This study showed that R28 cells continued to pro-
liferate in culture medium containing serum, but their
differentiation could be induced only in serum free me-
dium. When transplanted into the inner ear, migration
of R28 cells into inner ear tissues required hair cell loss
such as that caused by gentamicin. R28 cells that mi-
grated into the inner ear tissue developed morphologi-
cal features similar to supporting cells, but not hair
cells. When co-cultured with spiral ganglion neurons,
R28 cells developed bipolar morphological features
similar to neurons. These data suggest that damage to
the inner ear may be required for stem cells to migrate
into inner ear tissues and that survival of stem cells in
the inner ear may require their differentiation into inner
ear cell types using signals from surviving inner ear tis-
sues.
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